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PREFACE

\

Future operational needs dictate that conventional and VTOL aircraft and helicopters
will be operated closc to the ground in a wide range of operational tasks and weather condi-
tions. The proximity of the ground produces many common factors that apply in all such
situations. In particular, these relate to the precision and modes of control of the aircraft
subject to special environmental conditions near the ground, the requirements for sensing
position relative to ground features and the high importance of establishing the necessary
safety, integrity standards commensurate with the vulnerability to enemy defenses.

This symposium presented recent state-of-the-art in technology to achieve operational
capability under adverse weather conditions, and stressed the need for integrity and safety
while operating in close proximity to the ground. Of interest for some are the advanced
techniques in achieving direct lift control and technology to improve the aircraft resistance
to disturbances such as wind shear and gust.\

The Guidance and Control Panel expresses sthcere appreciation to all the authors
and participants that made this symposium a success.
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KEYNOTE ADDRESS
by

Charles H.Hausenfleck, Col., USAF
Vice Commander, AFTEC, Kirtland AFB NM

Distinguished members of AGARD, guests, ladies and gentlemen. It is a great pleasure for me to be with you at this
25th meeting of the Guidance and Control Panel. | know the subject of this Panel’s meeting is of widespread interest and
concern to all member nations represented here. It is of vital importance, as General Rushworth has so aptly pointed out.
It is also a very meaningful subject to me as a result of some experience on both the development and operational sides
of the question. So I am very much delighted to be with you and be a part of your deliberations today.

For my part, [ would like to attempt to set the stage for the next four days - to describe in a very general way the
possible events which cause us to have to consider so precisely the requirements for effective operations in the low
altitude and terminal area flight regimes. The presentations by other speakers which will then follow over the next several
days will get to the heart of the matter in great detail.

I would like to speak to a conventional air/land battle as could conceivably occur between NATO and the Warsaw
Pact forces in Central Europe. My presentation is a concept only and it is intended as a framework for discussion; to
challenge your thinking, if I may. It emphasizes the role of tactical aircraft in the teamwork between air and ground
forces as they seek to counter massive attack. I tecognize some of the tactics implied may not be accepted by everyone
here. But again, 1 use them only to illustrate the spectrum of operations, primarily at low altitude, for aircraft involved
in the battle. There may also be a difference of opinion on the nature and the magnitude of the threat we face in Central
Europe. Nevertheless, an air/land battle in Europe presents the most critical problems in terms of strategy, timing, force
ratios, and of special interest to us here today, operational environments for aircraft.

There is also a wide range of scenarios that we may be faced with, and 1 am sure all will not agree upon which is
most likely. But I think we can agree that, regardless of the scenario, we must be prepared to win the opening battle.

In the past we were unprepared for the first battle. We relied upon technology and time, particularly, to work in our
favor. Neither of these crutches works to our advantage any longer. We must plan and train now and equip our forces
now to win now. Once hostilities begin, it will be too late.

Let’s consider a 23/30 scenario since there is a wide understanding of content of that scenario. However, the
application of the concept is not limited to any single scenario. The focus is on achieving a tactical aircraft, or tac air,
allocation and ground force application mix, to generate combat power throughout the depth of the battlefield.

First of all, what do we mean by the air/land batti¢? The US Army Field Manual 100-5, *‘Operations"”, gives us a
good point of departure. [t points out that our air and land forces are interdependent (Fig.1). Both can deliver fire power
against the enemy, both can kill tanks, both can conduct intelligence gathering, air defense, logistics, electronic warfare
operations, and a lot of other functions that comprise the totality of combat power. But neither the Army nor the Air
Force alone can fulfill any one of those functions, completely, or by itself. The combination of Army and Air Force
capabilities - and limitations - make the services a natural team. And it is the sum or synergistic effect of that activity,
the cor. *entration of their combined combat power against enemy forces conducting a major attack, that we have come
to descr Ye as the air/land battle.

Loc «ing now at our scenario, the Warsaw Pact launches a massive attack following the period of build-up. Now the
defende: s, I'm sure, would prefer that events follow an ideal case as shown here (Fig.2). We may consider this ideal for
several reasons. Since the required Warsaw Pact attrition is achieved prior to major ground force engagement, the Army
would be able to defeat Pact ground forces without dependence on close air support. Moreover, the character and depth
of Warsaw Pact target arrays prior to engagement offer significant advantages to attacking aircraft. Targets are relatively
densely packed in march column formation and they can be identified as hostile simply by location.

The minimum case (Fig.3), that is to say the least desirable, or the maximum risk case that will still satisfy our
objective of successfully defending with a minimum loss of territory, is shown on this slide. In this case, the Pact forces
have not been attrited to the required level prior to ground force engagement. Therefore, the tactical air forces and Army
must mass their fire power at the critical points in time to achieve the combined combat power to halt the enemy.
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Here are some of the basic requirements of the air/land battle as we see them (Fig.4). Army and Air Force
commanders must be able to see the battletield to ascertain the location and direction of the main enemy effort. Both
services have reconnaissance and surveillance systems capable of making inputs to the overall intelligence and combat
information necds. Once the main thrusts are identified, it is the job of the commanders to bring about a winning
concentration of force at the critical points. Air and land elements must fight as an integrated team to achieve the needed
concentration, As an example, the Air Force may provide close air support to engaged ground forces in those arcas
where success of the overall effort hangs in the balance. The Army, in turn, provides support in the suppression of enemy
air defenses through fire power and electronic means. In addition, the Army contributes to effective close air support
through its capabilities for intelligence collection and target designation. | think the remaining factor is self evident.
Winning in the European context means winning the first battle with minimum loss of territory.

Now, let’s examine how tac air impacts on the air/land battle. First of all, the air/land battle is a tactical battle
fought against enemy forces on a magjor axis of attack. Therefore, it is a critical battle. Within the theatre, there will be
a number of air/land battles, all critical and all competing for limited combat resources, tac air included. The tac air
missions which most direetly influence the air/land battle are primarily close air support of {riendly ground forces, air
interdiction and, of course, reconnaiscance-surveillance to find the targets. Each of these missions presents a unique set
of problems in terms of low altitude and terminal area operations. Also, these can be accomplished only by achieving
local air superiority for a period of time. From a broader theater perspective, we recognize that Hffensive and defensive
counter air operations will he required to provide security from air attack to our own ground elements and air bases. The
airlift mission also contributes to the successful operation. It is the job of the theatre commander to apportion available
tac air assets to the various air missions. The remainder of the concept will suggest how that percentage of the overall
air effort which has been apportioned to support for the ground forces might best be used.

Because of the likelihood of more than one air/land battle, the first task facing the defender from a theatre perspec-
tive is to see across the enemy side with sufficient accuracy to determine where those critical battles will be fought. This
is a tall order because the Pact has such a preponderance of force that it will be difficult to identify his major axes of
attack. Nevertheless, this must be done and it must be done right or we will be in trouble from the outset. We must
check and cross-check data from every available source. We need a lot of confidence in our estimates to permit timely
decision-making and the concentration of our forces at the right places, preferably before the hostilities begin, but
certainly soon enough afterward to enable them to execute their mission.

If we reduce our focus from the theatre down to, for example, a NATO corps (and in this case, | am going to use US
Corps) faced with one of the major attacks, we might find two Warsaw Pact combined arms armies deployed opposite
the corps. The combined arms army conducting the main attack could be concentrated on a narrow front in deep echelon.
The Army Corps in the defense, two divisions plus an armored cavalry regiment, would have a heavy covering force
forward of the main battle area. The covering force, a heavily reinforced cavalry regiment, spread across the corps sector,
is no match for the heavier enemy force. But the covering force is strong enough to accomplish four important tasks.
First, force the enemy into revealing his strength, location, and general direction of his main attack, or attacks, and force
early commitment of his main attack echelons against the covering force. Second, gain time so that the corps commander
can concentrate his combat power in the main battle area to meet the main attack. Third, divest the enemy of his air
defense umbrella, or at least require him to displace his air defense before attacking the main battle area. Fourth, deceive
the enemy as to the composition and location of friendly forces, especially those in the main battle area.

Figures 5 to 10 present a series of conceptual snapshots showing events in a kind of stop action. The first (Fig.5)
shows the initial contact between the Pact reconnaissance screen of battalion size force, and a portion of the covering
force. Main ground force engagement has not occurred. The lead regiments of the Pact first echelon division are still
some distance behind. We think that the covering force may require little close air support in this initial situation. Army
attack helicopters can deal with points of pressure. The two most critical threats to the defending division commander
back in the main battle area are the first and second echelon regiments of the lead division, in that order. So, we depict
a heavy level of tac air effort on the first echelon regiments, and a lesser but still substantial level of effort on the second
echelons. The weights shown represent estimated proportions of the tac air assets available for air/ground attack and
air defense suppression in this division sector. To carry out their missions, aircraft are penetrating heavy defenses at low
and medium altitudes. Terminal air operations will primarily involve low level attacks against armored targets, artillery,
and air fields.

Figure 6 carries us forward a short span of time to the point where the first echelon regiments are closing with a
covering force. We chose to stop action at this point to show that the heavy tac air pressure on the lead regiments
has been maintained while they advanced to closure. Meanwhile, ground forces have been engaging the enemy’s first
echelon forces, first with artillery fire, and then as they draw closer, with anti-tank missiles, tank gun fire, and attack
helicopters.

As the first echelon regiments engage the covering force (Fig.7), the intensity of army fire power increases. This,
coupled with damage inflicted by tac air on the first echelon from detection to closure, may free some tac air for
redistribution. [t seems logical that the most critical target for tac air to strike now is the second echelon regiments,
and that is where we show the bulk of air-to-ground attack effort. A light level of close air support 1s maintained against
the lead regiments of the approaching second echelon division. Exact meanings for light, moderate, and heavy are
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unknown. These are subjective judgments and so we show them with question marks. The covering force must not allow
itself to become devisively engaged. It must live to fight another day as part of the forces in the main battle area. But the
covering force must offer sufficient resistance to force the enemy to deploy his main forces, thereby slowing down his
forward progress. As encmy pressure continues to mount, the covering force begins to delay rearward, maintaining contact
and providing resistance.

Figure 8 picks np the action after the covering force has completed its delay and deployed in the main battle area.
The first and second echelon regiments of the lead divisions are engaging our main battle forces. We assume we have been
successful, at least up to this point, in identifying the enemy’s main attack, positioning our ground forces to defend, and
inflicting the necessary level of damage on the enemy’s first echelon division. This requisite level of damage is hard to
quantify because it must be translated into a ratio of enemy vs friendly ground combat power at the critical time and
place. As a rule of thumb, ground forces should not be outgunned by more than 3 to 1 in order to defend and win. This
ratio can pulse higher, but not for long. Now, if we have been successful so far, our rationale for the distribution of tac air
air-to-ground assets remains the same as in the preceeding snapshot: light in the main battie arca, heavy on the lead
segiments in the second echelon division, and substantial on the second cchelon regiments of that division.

If our intelligence has not been good enough, chances are that we will not be fully successful in concentrating our
ground forces to meet the main enemy thrust. This means we will need substantially higher level of close air support. In
this case, the tac air effort on the less critical targets would be reduced and redistributed where it is needed (Fig.9). Such a
redistribution demands a great deal of flexibility in command and control. More than that, it means that the Army and Air
Force command and control systems must be talking to each other to such a degree that both services have the same aware-
ness of what is happening, both at the linc of contact and deeper. I might add two points here with respect to this graphic:
one, we show the problem in depth and on a single axis, but the rationale supports diversion of aircraft to lateral problem
areas ir the vicinity of secondary attacks if neccssary. For example, movement of attack helicopters and close air support
aircraft to an adjacent corps sector. The second point is that the graphic does not represent a flightpath. Sucha
redistribution of effort nced not be an airborne diversion, it may well be preplanned beforchand.

Finally, Figure 10 deals with a successful breakthrough, a very dangerous and not unlikely situation. In order to mass
sufficient combat power at the critical time and place, the ground commander will have to draw forces from elsewhere,
thereby reducing his combat capability at other places in his sector. This involves risk. We must be prepared to accept
breakthoughs, but only of a magnitude that we can deal with. The ground commander will have to draw units from where
he can find them without jeopardizing the defense against the enemy’s main attack. Combat units in reserve and those in
unthreatened arcas will be drawn in to halt the breakthough. The most flexible unit of combat power is tac air, and a
heavy concentration of tac air and Army attack helicopters will be required to cope with the threat. In this case, we show
the heaviest tac air effort against the exploitation forces on the presumption that the breakthrough units have a lesser
combat effectivencss due to attrition, fatigue, and a reduced level of ammunition and fuel.

So much for our scenario and pictures. Basically what has been said is that, given the requirement to reduce the
enemy’s ground strength advantage, we apply tac air against the lead echelon prior to engagement, then against follow-on
echelons. Very importantly, this will require a high degree of teamwork between the air and the ground forces.

Now, what does all this mean to the guidance and control designer? I believe it points up some of the severe demands
on military hardware as applicd across a wide spectrum. Helicopters operating from nap-of-the-carth profiles must be able
to pop up, see, and launch ordnance in a very short space of time. Highspeed aircraft are now operating at the altitudes
once reserved for helicopters. They must be able to navigate over longer distances, utilizing terrain following or other
techniques, locate targets precisely, and deliver their weapons with a high probability of striking the target on the first pass.
Low-level operations must be relatively free from the adverse effects of turbulence, gust loadings, and maneuver
restrictions. In other words, pilot fatigue as a result of the low altitude regime must be minimal and the aircraft must
retain its characteristics as a stable weapons platform.

Inthe total view, from takeoff through a variety of missions, to final recovery and landing, a man/machine interface
must be achieved that enables full « tilization of system capabilities without human overload. Integrated avionics, digital
subsystems, and the like, 1 think, are affording us great progress in this area.

By way of conclusion, | would like to say again that there arec many more considerations, [ realize, in the field of
guidance and control than I have alluded to here, and you will be hearing about some of these over the course of the next
several days. What [ have tried to do is take a worst case situation, a wartime scenario, and relate it to the matter at hand
and emphasize the importance of the work that is being done. I think how well we do our jobs in designing and testing the
equipment needed in low level flight operations could have a very profound affect on any major air/land battle of the
future.

I wish you an enjoyable and very productive symposium. Thank you.
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GUIDANCE AND CONTROL FOR LOW LEVEL OFFENSIVE AIRCRAFT - A ROYAL AIR FORCE VIEW

by
Squadron Leader G A Barnes

OR52(RAF) Ministry of Defence (Air)
Whitehall London SW1 UK

Summary

The operational requirements for guidance and control aystems for offensive air-
craft employed on the Central Front depend both on the weapon delivery accuracy required
and on the penetration tactics and weapon delivery profiles employed. The latter are
affected both by the enemy's anti-aircraft defence system and by the weather conditions
which are likely to prevail, This paper examines these aspects and suggests possible
parameters for aircraft to be employed in the counter-air, interdiction and close air
support roles,

Introduction

1, The Scenario for this paper is set in the Central Region of Europe where the Warsaw
Pact forces and those of NATO stand arrayed looking at each other across a 600 mile strip
of barbed wire and minefields, For years after World War Il we were confident in the
overwhelming superiority of the West over the communist forces relying on our nuclear
striking power, delivered by missile and by aircraft, to enforce a 'trip wire' policy.
This has now changed. The Soviets have prosecuted a policy of intensive military expan-
sion far beyond the needs of a defensive force. For example the ratio by which our tanks
are outnumbered is about 3 to 1, their air defence systems are being reinforced both by
increased numbers and by continuously improving designs, and the air threat has changed
from being a predominantly defensive force to one with a considerable offensive capability.
In the past we have been encouraged by the knowledge that the Soviet forces although
superior in numbers were inferior in technology, and that their training standards were
inferior to those of the West, Even if this were true in the past we cannot expect such
a state of affairs to continue into the future. Another aspect in the favour of the
Eastern Bloc is the interoperability of equipment which their forces enjoy, whereas we in
NATO, despite the exhortations of right minded men, find interoperability next to
impoesible - a drawback of a democratic society.

32, Faced with the excessive and still growing forces of the Warsaw Pact, the tire power
and flexibility of our airforces are cited as being major contributors toward the defence
of the West., The aim of this paper is to examine the realistic methods by which air

power can help the land forces on the Centrai Front and thence to outline the operational
requirements for the guidance and control systems which perhaps this symposium should be
considering. In doing this I must emphasise that the views contained in this paper should
not be ascribed either to the Royal Air Force or to the British Government - they are mine
alone.

The Central Region Environment and Airpower Roles

3. Before discussing the roles for airpower in the Central Region it is necessary to
examine the environment of the Region including the enemy air defence capabilities and
the weather. Both are hostile.

4, Firstly we must consider the enemy anti aircraft defences. I have no intention here
of listing the full AD threat as it is readily available in detailed .intelligence summaries
and, of course, this information is classified. BSuffice it to say that the threat ranges
from the SA-~7 and Z8U-23/4 at low level to the 8A=2, 3 and 8 at high altitude. The alarm-
ing aspect for us airmen is that the Soviet now has an incredible anti-aireraft shield
around even his fast moving leading tank columns, consisting of the overlapping (vertic-
ally as well as horizontally) coverage of SA6, 7, 8 and ? missile as well as the ubiquitous
ISU-23/4 gun, Fig 1 shows some representative envelopes of the Sov* : AD systems culled
from unclassified sources. This most lethal area extends up to s.. -eyond the FEBA and
presents two main options to the penetrating aircraft either to g. ..w and fast or to go
high using extensive active electronic counter weasures.

5. Secondly, we must consider the weather, Fig 2 is a graphical representation of cloud
and visibility data obtained in the Berlin region of Germany over the months of January

to March. It can be seen that at 5000 ft there is only a 0.25 probability of there being
no cloud obscuring the ground.

6. Fig 1 shows that penetration avoiding the most varied anti-aircraft threat systems
could be achieved at above 15000 ft using active ECM against the remaining 4 or 8 systems
(SAM 8 and 9 are not shown in Fig 1), However when this is considered in relation to

Fig 2 it can be seen that the ground will very probably be obscured from this height.
Therefore, unless blind and probably inaccurate attacks are to be made from medium to
high altitude, Close Air Support missions will call for low level attacks in the FEXBA
areas,

7. When examining counter air (Airfield) types of targets beyond the FEBA other con~-
siderations should be taken into account. It is likely that such targets will be very
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heavily defended and will include SAM 3 but there will probably be a less severe AD
environment between the FEBA and the point target. This allows 3 options of attack to
be considered:

., A medium to high level penetration of the FEBA followed by an attack from
the same altitude using a stand-off weapon which would need to have a blind
capability in order to have a reasonable probability of success,

b. Low level penetration of the FEBA followed by a low level attack using
either a stund off weapon (possibly clear weather), a toss attack, or an
overflying attack.

C. A medium to high level penetration followed by a deascent to low level
using either of the 3 types of attack suggested in b above.

All penetrations could be vulnerable to Soviet fighters.

8. The writer considers that due to weather considerations the only realistic options
are the low level attack in the FEBA area and either High-low or low-low profiles for
targets beyond the FEBA. This deduction is based on the lack of a suitable blind medium/
high altitude weapon system of an accuracy acceptable for conventional attacks., Radars
with the resolution capable of approaching the required accuracies will be of a frequency
likely to be affected by weather, It must be remembered that the only way in which a
medium/high altitude penetration can be considered is by the use of jamming which may
well affect our own sensors. Also the tranamissions from our radar could provide a con-
venient target for the use of an anti radar missile (ARM) by the defence. O0Of course there
are times (23% - 50% of the time depending on the season) when there will be no weather
to hinder a visual attack but we must assume that about 50% of these occasions will occur
after dusk. For air power to remain flexible it cannot be limited by weather and light
.conditions for long periods.

9, In susmary, for the next 10 years we shall need to carry out nearly all attacks at
low level but it may be considered acceptable to fly high-low profiles on some missions
that penetrate well behind the FEBA,

rational eme; v h t 10 years

10, This paper will not give detailed parameters. It will discuss the requirements more
in the form of military characteristics. This will avoid a limiting security classifica-
tion. The paper has been prepared to preface the technical discussions of this Symposium
with an explanation of what we are really trying to achieve in the cockpit. For simplicity
the classical roles of counter air, interdiction and close air support are takenm in
descending order of severity to illuatrate the requirements. For all roles a high prob-
ability of achieving a successful first pass attack is required.

Counter Air

11, There are three main ways of prosecuting a counter air programme: destroying the
enemy aircraft in the air, destroying them on the ground and by neutralising their operat-
ing bases. The first method will not be discussed in this paper as no attempt is being
made to cover air defence aircraft. Destroying enemy aircraft on the ground used to be

a favoured way of carrying out the aims of counter air. The Israeli success in 1967 was

a superb example. However, aircraft are no longer soft targets; they are sheltered in
dispersed hangarettes which are most resistant to normal air delivered weapons. Even if
& weapoh suitable for the attack of aircraft shelters is produced there remains the doubt
a8 to which shelters are occupied. In a conventional war tLerefore we have to resort to
attacks on the runways and harassment of the ground services to prevent the enemy aircraft
from being operated from their bases. This requires fairly large numbers of aircraft per
raid to deliver the required ordnance and to overcome the final point defences. Attacks
are required at frequent intervals as even when the runways have been successfully holed
and delayed action bombs have been strewn, the airfields will only be neutralised for a
finite time. This requires that the attacks need to be made irrespective of the weather
or of the light conditions as well as being made at low level, Hence we are faced with
the requirement for accurate attacks, at high speed (M 0.9) low level (200 ft max) and
probably blind, This calls for three systems.

12, PFirstly a nav/attack suite is required capable of allowing the crew to deliver
ordnance t0 an accuracy commensurate with the mature of the target, the mean area of effect
of the weapon, and the number of weapons which are to be delivered against the target.
Added to this is the strong possibility that any radiating sensor will be jammed especially
in the target area. This reans we are looking for something better than an accuracy of
200ft CEP in jamming conditions, Currently an IK with an accuracy of around 1 am/hr CEP
updated by an accurate ground mapping radar fix whilst outside the ares of the target is
called for. In the future TERCOM or NAVSTAR GPS mixed with an accurate IN will probably
form the basis of a superior Nav/attack system,

13. Secondly a terrain follow radar (TFR) capable of guiding the aircraft at MO.9 at

200 ft AGL safely and with as few excursions above the desired height as possible. - The
pature of the terrain is an obvious limiting factor but so also is the sensitivity of the
aircraft to turbulence.
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14, Thirdly the automatic flight control system (AFC8) must take the inputs from both
the nav/attack system and the terrain follow system and accurately steer the aircraft in
three dimensions as smoothly as possible, This i3 most important for two main reasons.
The pilot will be unable to manually follow navigation and TF demands accurately enough,
and the crew will have plenty to do on the run in to the target without having to steer
the aircraft as well, Eleetronic warfare, weapon management and look-out (attacks will
not always be blind) will be crucial in the final stages of the attack.

15. For counter air missions, the offensive aircraft will need the following guidance
and control system,

a, Nav/attack system capable of achieving a CEP of less than 200 ft in jammed
blind attacks at 0.9M at 200 ft approach height,

b, A terrain follow system capable of holding a height of 200 ft with the
minimum of excursions at 0.9M and capable of safely transitioning the aircraft
from high to low level,

c. An AFCS capable of fully automatic pilotage of the aircraft whilst at
200 ft 0.9M smoothly enough for the crew to carry out other crucial activities,

Such an aircraft will almost certainly require a minimum of two crew members,
Interdiction

16. The term interdiction covers attacks on those rear forces which can have an effect

on the land battle., The Warsaw Pact have enough armour and equipment already stationed
near the demarcation line to advance at a rapid rate across Vest Germany and beyond in a
few days unless NATO puts up a very stout defence. The future interdiction targets will
be second echelon armour waiting to be called forward to the FEBA., 8uch forces are likely
to be no more than 50 KXms back so there is little to commend a high-low attack profile.

It is likely that these forces will wish to move forward under cover of darkness and/or
bad weather and it follows therefore that the ideal aircraft for the interdiction role
should have the same guidance and control requirements as the counter air aircraft. How-
ever, some measure of fairweather daytime effectiveness could be obtained from an aircraft
with a leas comprehensive avionics suite and with only one crew member. These requirements
will be covered in the next paragraphs concerning Close Air support.

Close_Air Support

17. Discussions on close air support often get quite emotional, probably due to several
factors, Aircraft find the FEBA to be an intensely hostile area caused by the anti-
aircraft systems of both sides, the targets are often small, hard to acquire and attacks
cannot normally be preplanned. In the writers view conventional close air support can
only be justified if there is no other way of neutralising the target, especially when
the effectiveness of the attacks are taken into account, However, there are times when
the need for a form of close air support is unquestionable, This is on the occasion of

4 massive breakthrough of enemy armour. It will then be necessary to assign as many air-
craft as are required to stem the enemy attack. This could mean re-assigning counter air,
interdiction, and dual-role air defence fighters.

18, If the specialist close air support aircraft is only required to operate by daytime
in clear or marginal weather it will probably need only a single pilot. No terrain follow
system will be required, nor will their be a need for a comprehensive AFCS, An accurate
navigation system and a weapon system precise enough to neutralise armour will however,

be needed. Such an aircraft would be relatively cheap and simple and could possibly be

an air superiority fighter with ground attack as its secondary role.

19, If the aircraft is required to operate at night or in bad weather a terrain follow
system coupled with an AFCS will certainly be needed and possibly a second crew member.
The aircraft is now looking increasingly like the counter air aircraft discussed earlier
except it may be trying to attack smaller targets with a more accurate CEP requirement.
There is no doubt that if the eneny achieve a major armoured breakthrough it will have

to be repulsed by air power. 1If the breakthrough occurs at night or in bad weather air-
craft of the calibre of the counter air aircraft will have to be re assigned to this blind
close air support role until such a time as the simpler aircraft can take over,

20. Turning back to interdiction the same sort of arguments apply. In daylight a single
seat, fairly simple aircraft could do the job but in more exacting conditions the more
complex multi seat aircraft would be called into service.

31, The weather is not always either good or bad however, Often in the Central Region
there are marginal weather conditions. There could be patches of dlind conditions en
route, but the target areas may be relatively clear. In such conditions the simple single
seat aircraft would almost certainly be unable to cope, but the use of the complex counter
air aircraft would be excessive and would divert the aircraft from their main task. Hence,
a need for an aircraft some way between the complexity of the counter air aircraft and

the simplicity of the air superiority fighter can be argued. Such an aircraft could be
procured in sufficient numbers to carry out effectively the roles of interdiction and
close air support in poor weather conditions and at night in clear weather and would be
capable of the penetration of occasional blind conditions.
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22. This aircraft could be crewed by a single pilot but would have a higher probability
of success if a second crew member were employed. The navigation system would still
require to have an accuracy of lam per hour CEP and the weapon systems must be able to
deliver ordnance with sufficient accuracy to neutralise armour.

23, The full TF/AFCS of the counter air aircraft will not be required. Instead a simple
pilot-interpreted terrain warning system, should be adequate. As this system would be
simplex it should not be linked to an AFCS. However, a simple auto-pilot would help to
reduce the pilot's work load.

Summary of Requirements

24, In summary there is a need for three type of offensive aircraft,

.. A multicrew aircraft with a full blind capability suitable for counter
air and bad weather/night interdiction and CAS,

b, A single or two seat aircraft with a terrain warning system and an auto-
pilot suitable for marginal weather interdiction and CAS,

c. An air superiority fighter with a ground attack capability suitable for
clear weather daytime CAS,

The Future

23, Flying at high speed and low level at night and in blind conditions is a very diffi-
cult way to go to war, Future research and development could well be directed to improving
the aircraft's invulnerability to air defence systems by use of ECM, and to enabling the
aircraft to deliver weapons, either stand-off or free fall, with the required precision
through several thousands of feet of cloud. The sensors will almoat certainly need to be
self contained and non radiating. Therefore, whilst striving to improve the operational
offectiveness of our offensive air power over the next ten years we must look ahead for
entirely new concepts and technologies, which will help us to go to war in a less onerous
manner.
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THE "GROUND-ATTACK/PENETRATION" MODEL: A MONTE CARLO SIMULATION MODEL TO ASSESS
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SUMMARY

In order to be able to assess the survivability and to evaluate tactics for low-altitude military
missions in an environment of groundbased airdefence systems the NLR has developed the "Ground-attack/
Penetration" simulation model. A review of the main aspects of the model and some typical conclusions
obtained with the model are presented.

1. INTRODUCTION

In behalf of the Royal Netherlands Air Force (RNLAF) the National Aerospace Laboratory NLR carries
out operations research studies on the evaluation of tactics for low-altitude fighter sircraft and heli-
copter missions in order to reduce their vulnerability to groundbased airdefence systems.

The basic problem in such studies is to find the best compromise between the various, often con-
flicting mission parameters, such as penetration-speed and -altitude, type of formation, crossing distance
to airdefence systems, attack profile and attack direction in order to ensure maximum aircraft surviva-
bility. 2

[
To this end the NLR has developed the "Ground-attack/Penetration" model which is a Monte Carlo com-
puter simulation model of interactions between s groundbased anti-aircraft defence system and penetrating
and attacking fighter aircraft or helicopters. The model basically uses a critical event technique for
running and updating the sequence of the defence system operations during an engagement with an aircraft.

In the "Ground-attack/Penetration” model the following three sets of parameters, each describing an
essential component of the aircraft/defence system interaction, are distinguished:

1. the defence system data (examples: detection performance data, fire control computer performance
data, missile data, etc.),

2. environmental factors (examples: terrain features, meteorological conditions),

3. the l%rcrnﬁ. characteristics (examples: aircraft trajectory, radar cross section, ECM capabil-
ities). :

In order to give an impression of the possibilities of the model the most essential characteristics
of the three components mentioned will be discussed in more detail in the next chapter, in perticular the
methods which have been developed for the simulation of each component. The methods have e mainly sta-
tistical nature which implies that the occurrences of those events vhich are of interest for the investi-
gation of an aircraft/defence system interaction, demonstrate a random sspect. A short review of the
total operation of the "Ground-attack/Penetration” model which results after the various sub-models and
procedures have been combined, is given in chapter 3. Examples of simulation results obtained with the
model are given in chapter k.

This paper gives only the most important characteristics of the "Ground-attack/Penetration" model.
For more details of the model or sub-models separate documents are availadle; also documents containing
typical results of special studies have been published. Because of the classified character of most of
the documents, release is only possible after authorization of the RNLAF. At the end of this paper
points of contact for further information are given.

2. BURVEY OF MODEL COMPONENTS
2.1 The defence system characteristier

Btarting point for the assessment o' the aircraft vulnerability to an airdefence system is a separate
study of the characteristics of the defence system. Information and relevant dats are obtained from RNLAF
Intelligence Sources in case of hostile defence systems and from company-documentation in case of
friendly systems. Technical and operational aspects of the defence system are studied as far as they are
relevant to & realistic simulation. The most important defence system characteristies incorporated in
the "Ground-attack/Penetrstion" model are:

- sensor (radar-, IR- and/or visual) detection performance,
= fire control computer performance,

- projectile/missile trajectory,

= firing doctrine,

= time-delays, inclusive human factor effects.

Up to nov the NLR has studied a number of groundbased airdefence systems, both anti-aircraft artil-
lery (AAA) as well as surface-to-air missile (S8AM) systems and hostile as vell as friendly systems. The
grest diversity in the defence systems analized and, by consequence, the great diversity in methods
developed for the simulation of these systems do not permit to mention in brief all methods. However,
tvo general methods can be mentioned here,

For the simulation of the process of aircraft detection by a weapon system using radar a universal
theory (Refs.1 and 2) has been developed at NLR vhich determines the detection probability as a function
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of the various radar and aircraft characteristics (e.g. radar signal characteristics, aircraft radar
cross section, etc.), taking into account environmental factors (e.g. groundclutter). The theory is
valid for classical radar systems. The following radar systems can be considered as classical:

- the pulse radar; the method of detection may be single-hit or multiple-hit radar detection or both
- the continuous wave radar.

For the simulation of the trajectory of a surface-to-air missile, a computer program has been devel-
oped (Ref. 3) which simulates the kinematics of flight in three-dimensional space of eany SAM. The kine-
matics of the missile are determined according to the navigation law applied. Various guidance laws can
be incorporated.

2.2 The environmental factors

Results of survivability studies concerning l8w-altitude flight of aircraft engaging groundbased air-
defence often appear to be considerably affected by the representation of the terrain. In most of those
studies a direct method is applied by which specific data on a real terrain are introduced into the
revearch model. Such a direct method has the advantage that the terrain-screening can always be deter-
mined quite accurately for the underlying specific area, but on the other hand the results obtained are
uniquely related to the particular situation involved. Moreover, a large amount of terrain date has to
be stored in the memory of the computer running the simulated interaction. To realize a method which
permits a manageable assessment of terrain-screening in a more general context, the NLR has developed an
original theory (Ref. L) to describe a type of terrain (homogeneous or non-homogeneous) in statistical
terms. The quintessence of this theory is that terrain elevations are described by geometrical cones
characterized by three probability distribution functions, respectively for the altitude of sunmits, for
the sharpness of summits and for their density in the area considered (see Fig. 1). By assigning values
to the set of terrain parameters which occur in the three distribution functions mentioned, different
types of terrain (flat, hilly, mountainous terrain, etc.) can be generated in a relatively simple way.
In combination with the method for terrain generation special calculation techniques have been developed
for determining the probability that an object (e.g. aircraft) can be "seen" (is unmasked) or not (is
masked) by a sensor (e.g. radar). This probability can be given as a function of parameters which char-
acterize the type of terrain involved and of the positions of the observer and aircraft in the terrain.

Much effort has been spent on the validation of the described techniques by comparing the results
obtained with the statistical terrain and terrain screening models with reslistic terrain data. The con-
clusion is that the methods are very powerful techniques for terrsin and terrain screening simulation.

Concerning the simulation of groundclutter effects on radar detection performance, a clutter model
has been developed incorporating the statistical terrain and radar characteristics in such a way that for
the subsequent points of the aircreft flight path the degradation in detection performance due to clutter
can be established.

Finally, meteorological conditions can be taken into account by their interference with the IR
and/or visual detection capability of a defence system mentioned in section 2.1.

2.3 The aircraft characteristics

The aircraft low-altitude flight performance has a great impact on the effectiveness of a ground-
based airdefence system. This impact arises from the fact that lov-altitude performence (in combination
with terrain features) is the main factor which determines the establishing and maintaining of (e.g.
radar-)contact between the defence system and the aircraft. This contact plays a preponderant role
during an aircraft/defence system interaction, especially during the firing phase of an interaction.

The low-altitude flight performance of an aircraft is strongly dependent on the type of terrain
underneath the flight path. The statistical simulation of terrain (see section 2.2) made it necessary to
develop adjusted procedures for the generation of low-altitude flight profiles with a likewisme statistical
character. On the other hand it was thought necessary to use operational flight data because of the
important influence of the shape of the aircraft trajectory on the performance of a defence system,
especially in case of a redar guided gun system. In order to satisfy both requirements the NLR has devel-
oped a method {Ref. 5) involving spectral theory which utilizes operational flight data obtained during
field trials. The quintessence of the method is that power spectra are calculated from actually flown
flight profiles under different conditions (type of aircraft, speed, pilot experience, etc.). These
spectra are calculated in connection with an analysis of the corresponding terrain, From these power
spectra flight altitude profiles as a function of terrain parameters can be generated (see Fig. 2). It
has been proven that the flight altitude profiles as generated with this method are in good agreement
with actual flight profiles comcerning both altitude fluctuations and the average sltitude above the
terrain. This correspondence is uniquely related to the selected set of values for the (statistical)
terrain parameters. The advantage of the method outlined is that it enables the generation in a rela-
tively simple wey of flight altitude profiles for any time renge which have the same statistical charac-
teristics as the profiles measured. It can be remarked that the method is until now only applied for the
gene;ﬁtion of lov-altitude penetration profiles, in particular for terrain follow (as low as possible)
profiles.

For the generation of realistic attack trajectories (e.g. pitch-up trajectories) a curve fitting
technique (Ref. 6) is used in order to represent real aircraft trajectories by simple functions of time
(polynomials for the position). It has been proven that these polynomials fit the originel set of posi-
tions within the measurement accuracy. The real trajectories are available as a discrete set of aircraft
positions as measured during simulated attacks on realistic ground-targets (Ref. 7).

The detection of an aircraft by a weapon system using radar depends, besides the radar and the
terrain characteristics, also on the aircraft radar cross section., A model has been developed, which is
also based on data measured during field trials, for the calculation of the radar cross section of fighter
bomber types of aircraft as a function of the sircraft position and attitude with respect to a radar
system location,

In order to be able to simulate the (tactical) use snd the related effect of aircraft ECM equipment
on defence system performance, computer programs have been developed or are being developed. These pro-
grams are also based on measured data from field trials.




3. THE OPERATION OF THE "GROUND-ATTACK/PENETRATION" MODEL

After incorporating and integrating the characteristics of the defence system, the terrain and the
aircraft trajectory, as represented by the separate models as mentioned in the foregoing chapter, in the
"Ground-attack/Penetration” model, defence system/aircraft interactions can be simulated. An interaction
is simulated from the very beginning when an aircraft comes in range of e.g. the search-radar(s) of a
radar controlled defence system, until either the last moment the aircraft is within fire range, or the
moment of aircraft kill. In between a sequence of actions is performed by the defence system versus the
aircraft., A complete sequence of actions consists for example of the following events: detection,
assignment, lock-on, fire, interception and kill, However, such a complete sequence can be easily inter-
rupted for a number of reasons, e.g. definite loss of radar contact, system restrictions (e.g. tracking
limit) or threat priority, if some other, more threatening aircraft is detected. If an interruption
occurs, re-detection can be realized, and may as yet result in a kill.

The probabilistic character of many of the data which are applied in the simulation of an interaction
between a defence system and an aircraft renders the outcome of each run different. 8o, if in one run
the aircraft is destroyed, it might survive in the following run. For a reliab.. estimation of the sur-
vivability it is necessary to perform a run several times., In mathematical terms this means that the Monte
(;a.rl? technique is applied. The survivability can be estimated by dividing the number of runs not resuli-
ing into an aircraft kill by the total number of runs.

4, RESULTS
L. Scope of investigations

The "Ground-attack/Penetration" model as it has been described shortly in the preceding chapters can
be applied to a nearly infinite number of operational situations concerning the three main elements in
the problem statement:

= the defence system
- the environment
- the aircraft.

In order to restrict the investigations to an acceptable number of discrete problems, a set of "standards"
has been defined with respect to these three elements. The selection rules applied result in a number of
standards vhich cover approximately the whole range of operational situations vhich an aircraft may
encounter in performing a low-altitude mission.

Concerning the defence system, it can be remarked that positions (heights) of the defence system in
the terrain are chosen which are in accordance with the nature (mobile, semi-mobile, static) of the
system.

As vegards the environment, three types of terrain are distinguished: flat, hilly and mountsinous
terrain. These types of terrain are defined by the maximum altitude variations vhich may occur. These
variations are: a

- for flat terrain in the order of 100 m (300 ft),
- for hilly terrain in the order of 200 m (700 ft),
- for mountainous terrain in the order of 650 m (1950 ft).

Concerning the meteorological conditions two extreme situations sre considered: the situation of
optimal visibility corresponding to a maximum visibility range of appr. 15 km and the situation of bad
visibility corresponding to visibility ranges less than ca. 1000 m.

As regards the type of aircraft trajectory, mainly two types of low-altitude trajectories are walized
terrain follow (as low as possible) penetration profiles and pitch-up attack profiles. Parameters de-
scribing both types are given in figures 3 and Lk, Concerning the values of the various aircraft trajec-
tory parameters (e.g. ground clearance, sircraft speed, apex altitude, etc.) it can be remarked that
standards are taken into account which correspond to current operational RNLAF low-altitude tactics.

Starting from the above mentioned "standards" proper simulations can be carried out. Investigations
are mostly bearing on the most elementary problem: interactions between one defence system and one air-
eraft. Output of the "Ground-attack/Penetration” model is a value of the aircraft survivebility as a
function of the input-"standards". By simulating defence system/aircraft interactions for different
input-standards, the influence of different tactics, as represented by the standards, on the aircraft
survivability can be established.

There are many ways to present results of e survivability analysis. An approach often chosen by the
KLR is to present survivability curves as sketched in the figures 5 and 6. In figure 5 the survivability
of a penetration sion, vwhich is always executed with constant heading is given as a function of the
crossing distance ¥ for given input standards. In csse of attack missions curves like figure 6 are
given. 1In this figure a number of curves are drawn, each curve representing the collection of defence
system locations with respect to the ground target and the aircraft trajectory vhich correspond to the
same aircraft survivability.

k,2 Some general conclusions and tactical recommendations

The overall purpose of carrying out simuletion studies concerning interactions between groundtased
air defence systems and low flying aircraft with the "Oround-attack/Penetration" model is to throv socme
light on questions such as: "Is it more sdvantageous (from the point of aircrart survivability) to fly
as-lov-as possible above the terrain at a low speed than at & higher speed but perforcing on the average
somevhat higher?" or "How can characteristics of the terrain be utilized optimally?" or "Which formations
have the highest survivability sgainst enemy defence?”. The answers to such questions are of course

s) i.e. the perpendicular distance from the defence system location to the aircrafts’ track (see also
rig. 3). :



crucial to the type of defence system under consideration and the aircraft tactice to be employed. In
this section some typical conclusions obtained by carrying out simulations with the "Ground-attack/
Penetration" model are presented. Resul.s of simulations of interactions between specific defence
systems and specific aircraft can not be presented here because of the classified character of these
results. So, the conclusions presented here are formulated in general terms and have to be interpreted
as general tendencies.

There are many ways for a low flying aircraft to defeat a groundbased air defence system. From a
great number of analyses carried out with the "Ground-attack/Penetration" model and related to different
types of defence systems (SAM as well as AAA systems) and to different types of aircraft it has been
established that the aircraft survivability depends mainly, but certainly not exclusively, on the so-
called exposure time, i,e. the length of the time-interval(s) an aircraft is exposed unhampered to the
defence system during an interaction with that system. Exposure time can be mainly reduced by flying
lower and flying faster. However, in case of low-altitude missions, these two aims can often not be
pursued independently, for at a given speed one is limited as to the altitude that can be maintained
because of pilot fatigue, danger of ground collision and technical (or physiological) limits. At a given
low altitude one is limited in speed for the same reasons. 8o, in reducing exposure time one has to
compromise. Concerning this compromise it can be remarked that there is an optimum speed/ground-clearance
combination that minimizes exposure time. This optimum depends on the type of defence system (AAA or
SAM, short range or long range system), the pilot/aircraft low-altitude performance, the crossing dis-
tance and the type of terrain.

Beside reducing the exposure time by flying lower and/or faster, the exposure time can also be
effectively reduced by using ECM. The general effect of ECM on weapon system performance is a delay in
system reaction time which favourably influences the aircraft survivability.

Additional to the conclusions given above which are applicable to both AAA and SAM systems it must be
mentioned that AAA systems can also be defeated by aircraft manceuvring. The underlying reason for this
is that in most current AAA systems fire control computers are in use which employ linear prediction for
the calculation of the interception point and lead angle. By manoeuvring, which introduces deviations
from the assumptions on which linear prediction is based, the defence system performance can be reduced
considerably.

From many simulations with the "Ground-attack/Penetration” model, the following general guidelines
can be given for the execution of low-altitude military missions in order to optimize aircraft surviva-
bility:

- Use the terrain as much as possible by flying as-low-as possible

- For a given ground-clearance level fly at the highest possible speed

- Use ECM

- Manoeuvre in case of AAA.

The relative importance of each of these guidelines depends on the defence system and the type of sircraft
mission under consideration and has to be established for each specific operational situation.

5. POINTS OF CONTACT

As has been stated earlier, this paper gives a survey of only the main aspects of the "Ground-attack/
Penetration" model. Those who like to have more information on the model are advised to contact one of
the following points:

» Royal Netherlands Air Force RNLAF
Assistant Chief of Staff for Operational Requirements (AOB)
Section Operations Research and Evaluation (ORE)
Prins Clauslaan 8
The Hague
The Netherlands

National Aerospace Laboratory NLR
Department of Flight

Military Operations Research Group
Anthony Fokkerweg 2

1059 CM Amsterdam

The Netherlands.
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SUMMARY

Low frequency wind changes, especially wind shear,require important and highly time
variant thrust changes if an aircraft has to maintain the glide path. As efficient closed
loop control of wind shear produces high throttle activity, an open loop cortrol law has
been developed that proves to be very efficient without the short-comings of closed loop
control.An open loop activation of throttle and eventually spoilers turns out to be adequate
to minimize the wind shear effects and thereby to discharge the closed loop system.

A complete estimation of the wind-variables necessary to generate the control signals
would demand for a hich amount of information, which can only be generated if an inertial
navigation system or other precise navigation systems are available. The horizontal wind
components can, on the other hand, be estimated with reduced information as shown in the
paper.

The serious problem of separating the low frequency wind shear from higher frequency
gusts has to be solved by use of nonlinear estimation filters. A very simple Kalman-filter
with a nonlinear limitation of the second derivative of wind velocity proves to be ade-
quate to solve the separation problem.

SYMBOLS

b accelerometer signal a angle of attack

CD drag coefficient . Oy angle between ¥ ana Vx in the verti-
CL 1ift coefficient cal plane

D drag force . Y flight path angle

F thrust i Ta air path inclination angle
g gravity factor €p aircraft elevation angle
Ah height above glide-path €L glide-path elevation angle
L lift force 0 pitch angle

R slant distance g standard deviation

5§ = duw/dt

t time SUBSCRIPTS

u x-velocity component

Y auw/a: a air path axes

v airspeed (TAS) c command variable

L flight path velocity g earth-fixed axes

w aircraft weight W wind velocities

w z2=velocity component <> estimated variable

i idel 3

Dt DR




INTRODUCTION

Wind shear has often led to danjerous situations,especially during approach ,and has
caused several major accidents during these last years. It is well known that an aircraft
in final approach has to be accelerated in a decreasing head-wind to maintain airspeed
without deviation from the glide-path. If this is not done in time the safety margin to
minimum airspeed can be reduce¢ rapidly, leading to critical situations. In effect the
demanded thrust-settings in a wind shear are very time variant as is shown in fig. 1 for
a wind shear situation that occured on June 24th, 1975, at the John F. Kennedy airport,
resulting in a fatal accident /1/ /2/.

This example shows clearly that both pilot and autopilot can only manage such situations
if they have sufficient information on the wind variables as well as a precise knowledge
of the control laws suited ‘o suppress the wind effects on the aircraft. The reasons for
the difficulties to cope with wind-shear situations are twofold:

- wind shear implies rapid changes of the aircraft's energy management and therefore it
must be compensated through rapid and exactly quantized thrust changes, which is the only
means of on board energy-supply. At the same time the aerodynamic state of the aircraft
must be kept constant through coordinated spoiler and elevator activity.

- As long as there is no measurement of wind velocity on board, pilot and autopilot both
get too poor and too late wind shear-information, this information being only percep-
table in steadily increasing flight-path and airspeed deviations. Autopilots can cope
with wind shear through high gain and strong integrating terms, but this leads to in-
tolerably high throttle activity in the presence of highe:r frequency qusts.

Modern system theory tells us to make use of all available information on the controlled
process for control actions /3/. Consequently, if disturbances can be measured or esti-
mated, this information should be used for open-loop control to unburden the closed loop
system (see fig. 2).

Looking at open loop control, the first question is to find a simple control law that
could improve flight-path accuracy in conjunction with a closed loop control system. Ha-
ving in mind that the open loops should balance the coarse effects of input signals,
whereas the closed control system should provide for control refinement as well as for
parameter-sensitivity problems, the open loop control law may be determined starting from
simplifying assumptions so that small effects can be neglected. In addition the primary
objective of open loop wind-shear suppression is to counteract large energy changes which
do not occur with high rate of change. Therefore it seems reasonable to restrict the open
loop control to the low frequency range. This allows to restrain at the same time the gene-
ration of necessary signals to low frequencies.On the other hand in wind shear situations
the aircraft is in an accelerated flight where some variables (e.g. the ground speed) are
changing to a great extent. Therefore it is no longer admissible to investigate the wind
effects by the usual linearized equations, but the control laws in question must be cal-
culated from the nonlinear equations of the process.

The second question concerns the statement, which amount of information (quantity of
measured variables) is necessary to generate the additional control signals. At the same
time it must be examined if these signals can be measured or estimated on-line with
adequates costs and sufficient signal quality.

In the following paper first an open loop control law will be developed and discussed
starting from the nonlinear equations of the process /4/. The efficiency of this addi-
tional control will be demonstrated through simulation results. Secondly it will be shown
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which variables must be available for the generation of the control signals. Finally,
simple filters are proposed to estimate the necessary wind-information by aid of radio-
signals used as an alternative to inertial navigation signals /4/, /5/.

2. EQUATIONS OF THE PROCESS

The airspeed v acting on an aircraft, i.e. the vector of relative velocity between air-
craft and surrounding air is related to the inertial velocity of the aircraft, GK and
the local wind velocity ﬁw by the vector equation

(2.1 \*I-iix-vw

which is illustrated in the case of pure longitudinal flight by fig. 3. The angle Ya of
the airspeed vector relative to the earth-fixed coordinates (air path climb angle) is
equal to

(2.2) Ya =Y *ay

where oy is the angle between the two vectors ¥ and VK‘ The definition of a, may be
deduced from fig. 3 as

W,

(2.3) sinaw = Egﬂ siny + —%2 cosy

Therefore Ya is a function of vy, V and of the wind components in earth-fixed axes uw

and w,, . The latter can be expressed as sum of the components of v and V in earth-

wg
fixed axes according to fig. 3:

llwg - VKCOBY - VCOIY.

wwg = Vsinya - sziny

(2.4)

The wind velocity as a function of time is given by the local wind field distribution on
one hand and the aircraft's flight path on the other. The effective wind acting upon the
aircraft is characterized by the following total differential (in earth-fixed axes):

de w dﬁ

(2.5) 3 " aﬁ + -sg-

in which the second term is usually neglected, assuming that the aircraft velocity is
high in relation to the wind field changes with time. R is the vector from an earth-
fixed point to the aircraft center of gravity and avw/aﬁ is the local wind field gradient
/6/. For pure longitudinal flight without sidewind, Eq. (2.5) reads in components:

uy uwX(ﬁ) “Wz(i) cosy
(2.6) = Vi
x R [
Yl Wi (R) Wz (R)| |=siny
where “Wx'a“w/ax ect. are the wind derivatives with respect to the space coordinates,
For an aircraft flying in a wind shear which is alone a function of height as in fig. 6

this gives (in earth-fixed coordinates)

Y - - (h) v, siny
(2.7 g T T 5

wwg = 0

which means that the rate of change of uy is proportional to the windshear-gradient LI
and to the rate of descent V siny. The x- and 2-force equations in air path axes (x,-axis
equal to V) can be set up f:om fig. 4 as follows:

- asDmme =
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d . o .
at (VKcosa") + Yavxsinaw chosaw + yvxlinaw
m = m =
4 . 0 .
.3 (VKsinuw) - Yavx°°°“w VKsinaw yVKCOIaw
(2.8)
-D -uinya cosa
= + W+ F
-L cosy, =-gina

The situation of an aircraft flying on an earth-fixed glide-path is illustrated in fig. 5
for the pure longitudinal case. From this figure the following differential equation for
the flight path can be derived:

R -cos(y+eF) -1
= v v
(2.9) K= K
. sin(y+e;)
oh —Cose; i)

Ah and R being the distance of the aircraft c/g to the glide path center line and origin
rehpectively and €1, being the elevation angle of the straight glide-path.

3. CALCULATION OF THE THRUST REQUIREMENT

Having compiled all necessary equations, we now have to define the flight condition that
should be maintained by open loop controsl, in other words, we have to choose those
variables that shall be held constant. Certainly the first demand is to minimize the
glide-path deviation, this can bhe expressed by

.

(3.1 Ah

N —
(o]

or Y -€

Y (o]
The other demand relates to the aircraft velocity and here we will make the usual choice
that airspeed is to be held constant because this minimizes variations of aerodynamic
1ift and drag and guarantees a safe margin to the minimum (stall) speed. Therefore the
second demand is:

<o
[
[=}

(3.2)

This implies that the absolute speed Vk will vary in accordance with Eq. (2.4). These

two demands determine the control law which we will now derive under idealized conditiouns,
i.e. neglecting measurement and actuation lag effects. Moreover, for usual approach
situations, all angles and the angular rates of Ya and a, may be assumed to be small
(products of small terms are neglected in the following). From fig. 3 it can be seen

that

(3.3) chosaw =V 4+ Uia

Deriving this with respect to time

(3.4) d (v cosay) = V 4 4
G at k%% Ywa

and introducing into the first row of Eq. (2.8)
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(3.5) m [x'/ + g, t {(avxunuw] = -D -siny W + cosa F

we get for small angles and condition (3.2):

(3.6) mu,, =-D-W,+F

Rearranging the terms the required thrust-to-weight ratio results to be
F_D Uwa

(3.7 FTRtTat g with

(2.3) Ya =Y *oay

For small values of Ox' ay and a the second row of Bq. (2.8) is simplified under condi-
tion (3.1) to:

(3.8) O=<=L + W
This means that the lift should always balance the i/eight
(3.8a) L ~W

Introducing these simplifications we get the final relation for the demanded thrust /4/:

c .
F_"D a
(3.9) R C *Natg

4. PHYSICAL INTERPRETATION OF THE WIND-DEMANDED THRUST

In the no-wind case (“w' Ow = 0), the steady state thrust-to-weight ratio must be

c
(4.1) %'E‘D+Y.
L

equal to the sum of the actual glide angle CD/CL and the commanded flight path angle
Yo = "Epe This corresponds to the stationary thrust setting in an inclined flight path.

If the wind is not zero, the thrust-~to-weight ratio is changed to
(4.2) % =t Yt
where the additional thrust is proportional to

-~ the angle ay =~ Yo~ Y between the commanded flight path (vector ﬁx) and the new
direction of

= the actual wind acceleration ﬁ" in relation to g.

In other words: In a constant wind field the thrust must guarantee the necessary angle
Ya of the vector of relative speed between aircraft and surrounding air, 5. to maintain
the desired flight path angle. Therefore Ya in Eq. (4.2) has to be interpreted as a
command variable: it is the value of Ya which should exist in the actual wind situation
so that the nominal (commanded) value of flight-path angle Yo can be maintained. In
addition to this the thrust must hold the airspeed V constant by accelerating or
decelerating the aircraft corresponding to the wind acceleration.
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The wind components can be introduced when x, is substituted by Eq. (2.2):

(4.3) R R R .

which leads to the thrust control law for the nominal state vwhere y = Yo and V = Vc

C u v Y
F_D oNg Zwa
(4.4 W q+7c+vc7c+_\;§*g

Corresponding to this equation, the thrust must be augmented

- proportional to a head-wind (negative ) if the aircraft is on a glide (Y negative)
to reduce the rate of descent in accordance to the decreasing ground-speed. This effect,
which does not occur in level flight is due to a rotation of the resultant aerodynamic
force, as illustrated by fig. 6,

- proportional to a down wind (positive "Wg) to counteract its effect by an opposite
relative velocity between air and aircraft (see fig. 7).

In a wind shear an additional thrust change must be applied proportional to the rate of
increasing tailwind or decreasing headwind (proutivo) to accelerate the aircraft and
hold the airspeed V constant without glide path deviation (i.e. without additional loss
of potential energy). These three effects are well known gqualitatively from flight
experience.

The last term of Eg. (4.4) is proportional to the horizontal wind acceleration encountered
by the aircraft, which is a function of the flight path as shown in Eq. (2.7). To inter-
pret the effect of a certain space-fixed wind field on the aircraft, ‘.‘u has to be
substituted. For the simplified case where the x-component of the wind changes linearly
with height (u..) and the z-component is constant, Eq. (2.4) and (2.6) yield:

(4.5) “Wa"':‘wg--“Wzva"“sz(v"“Hg)

This leads with Eq. (4.4) to the relation of the required thrust as a function of height
(for Vg = const.):

C Y Y
) D -] 1 [}
W= Vet tug™ T +'ugv;'“wz?["c+“wg‘h’]
(4.6) r, ar, ar, ar,
.t o hihs b

To get a qualitative survey of the relative importance of the four terms of Eq. (4.6),
l"o/w. A!'1/w and Al"3/|' as well as their sum are shown in fig. 8 as a function of height.
The wind-profile is assumed to have piecewise segments of linear gradients of

Uyy * O and ¢ 0,2 1/sec 2 12 kts/100 £t

to visualize the different effects. The thrust-to-weight ratios are drawn for Y Tl -3°
and CD/CI. = 0,18 as typical values and for two approach speeds: Wais 35 m/sec in fig. 8a
for a typical STOL-aircraft and Y= 70 m/sec in fig. 8b for a typical CTOL-transport.
From the idealized curves the following can be stated: ﬁ

- AP, /W and A!'3/w are of opposite sign . in a tailwind shear (increasing tailwind) and of
equal sign in a headwind shear. The slope of the total F/W is therefore of different
magnitude in the two cases (this effect is inverted in climb, i.e. Yo positive) .

= The relative importance of A!'1/|l is higher for low airspeed, where the proportion of
w to vc is higher, and for steeper glide-paths. Therefore the slope of the total
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F/W can be positive, negative or zero in a headwind-shear,

The maximum value of the four parts of F/W are listed in table 1 for the two speed cases
to show their relative importance. They have been calculated on the basis of the wind
components and the wind gradient Uy of the example shown in fig. 1. First it can be
seen that the influence of the uw-tom is small, especially in the case of higher
approach speed (see fig. 8). Therefore this term could possibly be neglected in the
open-loop control law if the generation of the control signal turns out to be too
complicated or expensive.

r AF F ar F AF F
Imax o 2 3max o
Vo | ¥ JTUW— Sy gt tefop =g ey
35 m/sec| 0,128 0,018 14 0,174 134 0,050 39
70 m/sec| 0,128 0,009 ? 0,084 67 0,088 67

Table 1: Relative magnitude of wind-required thrust (yc - -3°, "Wg = 12 m/sec,
w"q = 6 m/sec, Uy = 0,2 1/sec)

The thrust demand Arz/w that is caused by the vertical wind component is related to wind
amplitudes of Wy = 6 m/sec. This magnitude has been experienced in conjunction with wind
shears of the order of Uy ™ 0,2 1/sec in the proximity of thunderstorms (e.g. in the
example cited in fig. 1). This seems therefore to be a reasonable guess for a mean value
in a greater extension of space, i.e. for long term vertical wind influence. On the other
hand it is well known that vertical wind (e.g. downdrafts) exist with a magnitude of

20 m/sec and above. But such high vertical wind components are confined to an extension
of the order of 50 m which means that their influence on the aircraft is limited to a
time interval of the order of one second. Such high and rapid vertical gusts cannot be
counteracted immediately due to the limited performance of the aircraft. Their effect
must be suppressed at long term through adequate closed loop control.

The third term which results from the wind shear increases with aircraft velocity, Ar2 and
Al'3 being of same magnitude in the CTOL-example. These two parts should at any rate be
incorporated in the open loop control law. '

5. SIMULATION RESULTS

In /7/ the efficiency of a thrust control law equal to Eq. (4.7) has been investigated
by a nonlinear simulation for a Boeing 707 approaching at vy = -3° and V = 74 m/sec
through a wind shear as shown in fig. 1. To the thrust control an open loop cross-
coupling to the elevator has been added to compensate the effect of pitching moments
due to thrust changes

(5.1) An = ;’- AF
n

but there have been no closed control loops.Traces A of fig. 9 show the flight path and
airspeed deviations when neglecting the engine time constants. Even in this excessive
wind shear which caused a fatal accident the deviations are very small, the touch down
point being 50 m ahead of the threshold.Traces B and C show the effect of engine time
constants of 0.25 and 1.0 sec, wvhere a time constant of 0.25 sec has proven to be
characteristic for a JT3D-engine regarding the small necessary thrust rates /7/. This
shows that the engine lag has only a minor effect on the flight path deviations.
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It has to be emphasized here that the simulation proves the surprising fact that the
deviations of the two aircraft states V and vy in the presence of wind-shear can be
reduced substantially by open loop control to one actuating variable, i.e. to the
throttle only. The only additional condition is, that the 1ift (or the angle of attack)
must be held approximately constant by elevator control to satisfy the condition L~ W
which has been used to determine the thrust control law

c
, F_D Ywa
(4.2) e tat Ty

So Eq. (4.2) and (5.1) can be considered as the only necessary open loop supplement to
usual flight control systems to cope even with difficult wind situations.

6. REALISATION OF THE CONTROL _LAW

The first term of Eq. (4.2) cD/CL can be assumed to be constant, this is well satisfied
in approach flight were the aircraft speed {1: near the point of minimum drag speed,
despite of small possible deviations in anglc of attack. In addition to that the air-
speed deviations are minimized by thrust control (see fig. 9).

As has been pointed out above,ghe second term, y_,, is a command variable. The actual

value of Y OF (%, cannot be used for thrust control because they depend not only on the
wind components but on the flight path angle as well, so it would give wrong informa-
tion in the case of flight path deviations. As can be seen from fig., 10, a control law
AF = W AYu would even cause instability. The control law must therefore bc derived from

Eq. (4.4) as follows:

AF _ Ye 1, Ywa
(6.1) W Ayc+ uwgt-kwwgrc-rT

It is applicable to both the control of curved flight paths (Yc varying) and to the
suppression of wind effects. Indeed, the variables qu, wwg and ‘.‘Wa cannot be measured
directly but must be calculated or estimated from available variables. To assess the
amount of necessary information Eq. (6.1) shall be expressed in measurable variables.
From Eq. (2.4) and (3.4) follows for small angles:

(6.2) “Wg - VK -V
(6.3) Yig = Vyg = Vg
(6.4) Ugg = Vg = V

which leads to the final thrust control law

Y » L]
(6.5) 8ot e 4 vy, - v s et L
c (-]

The following variables have to be measured or estimated with high precision (small
differences of big terms!):

VK = INS-signal or estimation from DME and lccolor:-outor-lignall
V =~ TAS (air data computer)
e 8-a = precision attitude and angle of attack sensors

VKY = qu = INS-signal or estimation from radio-height, vario- and
accelercmeter signals
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'.'Wa -(lx—\? - estimation from Vx, V and accelerometer signals.

This makes evident that the full open loop suppression of wind effects requires a great
amount of information and can only be achieved if an inertial platform and precise radio
signals and estimation filters are available.

As we only want so suppress the low frequency part of the wind effects, we may limit the
estimation to the low frequency portion of these signals. But even under this restriction
the third term in Eq. (6.5) seems to be very difficult to generate because it represents
a small difference of two terms that must be estimated from four or five different
signal sources.

If the deviations of airspeed can be neglected (V = Vc) , the first two terms of Eq.
(6.5) reduce to

AF yv, h
(6.6) —ﬂl- £

s 9
v

c c

This control law has already been implied in the integrated flight control system PRG 70
of Bodenseewerk giving a high improvement of flight path control in steep approaches /8/.
To cope with horinzontal wind-shear, the \'l"-tom has to be added to this control law,

7. ESTIMATION OF THE WIND COMPONENTS Uy and Q'

According to Eg. (2.4) the horizontal wind velocity u, is equal to the difference between
the aircraft inertial velocity Vg and the true airspeed V. The latter can be supplied

by an air data computer. If there is no inertial platform on board, vx must be estimated
from other available signals. In /4/ and /5/ a very simple Kalman-filter has been pro-
posed and tested for the estimation of the aircraft absolute velocity Vx from DME and
accelerometer signals according to the process equations

. R - DME-distance
(7.1) b - accelerometer signal
"Ix = £ ¢ (bx ~- gsiné) £ - constant accelerometer error

This filter is shown in fig. 11. It has been stated in /5/ that good estimation of Vg is
attainable even without the acceleration reference. For the following discussion it can
therefore be assumed that Vx is available without the existance of an inertial navigation
system,

The low frequency estimation of the variable u, and its derivative ﬁ" can equally be
realised by a stationary Kalman-filter under the premises that a model of the signal
process is known /9/. A very simple but adequate model of the time history of the low
frequency po:gion of Uy is the following:

(7.2) \ (¢) = + 8 dt wvhere
s
. duy
(7.3) 8 = ';F" =8,

is first assumed to be constant. This process-mode. can be realised with two integrators
as is shown in fig. 12. It is the heart of the propcsed filter. To complete the filter
the estimated value n' must be subtracted from the measured value u"' - vl" = V' and the
difference fed back to the two integrator inputs as is shown in fig. 13. The feedback
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factors k1 and k2 have to be determined ‘for good filter dynamics. If the real wind process
corresponds to the filter model, 0" and § will match the exact values after the filter
transition time when starting from the unknown initial conditions. But in the real

process, higher frequency gusts (u"’m) are superposed to the low frequency wind changel(u:) .

(7.4) u, = uy o

The low frequency part u; (wind shear) that shall be used for open loop control has to
be separated from the gusts because the latter should not be fed to the throttle to
avoid rapid thrust changes and high throttle activity.

The problem is, that the higher frequency gusts are dominating in known wind-models (e.g.
the Dryden spectrum). Therefore a linear low pass filter as that shown in fig. 13 cannot
damp out the gusts sufficiently without loss of the wanted windshear information. Better
results in the separation of gusts form the low frequency wind shear can be expected
from the use of a nonlinear filter. The linear filter of fig. 13 has therefore been
modified by limiting the rate of change of § = u;', as is shown in fig. 14, The efficiency
of this filter, where the limitation has been set to

]
gmax = 0,05 m/uc3
has been investigated in a simulation where gusts at medium turbulence (¢ = 1 m/sec) have
been superimposed to wind shear. From fig, 15 it can be seen very clearly that the intro-
duction of the nonlinearity has a positive effect on the estimated Q":signal: the higher
frequency parts are reduced considerably whereas the mean value of ﬂw reproduces well
the wind shear amplitud=. The eigenvalues of the filter as well as the limitation value
will be verified in flight tasts.

In section 4 it has bean pointed out that the effect of \'1" in the thrust control equation
is dominant and that the uw-effecn could possibly be left to the closed loop if the
signal generation proves to be too difficult. This has led to the question whether

the estimation of ﬁw alone could be achievad without knowledge of VR which can only

be determined with relatively high expense as has been pointed out. Fig. 16 which can be
developed from the block diagram of fig. 15 by elementary transformations shows a non-
linear filter for the estimation of § = ﬂ; . It turns out that the wind shear part of

\\w can be estimated from the signals of true airspeed V and the horizontal acceleration
nx without use of the absolute speed Vx. The value of “x can be generated by usual means
from

(7.4) Uy = b, - gé
or from a strap down system if higher signal accuracy is needed.

For the estimation of the low frequency vertical wind component Yy which is essential

for the generation of the control signal (see section 4), no concrete proposition can

be made at the moment. It can only be stated, that sureley one has to refer to inertial
signals (strap down platform) to ensure the accuracy needed. As the same problem arises
for the separation of the high~ and low-frequency portions, nonlinear filtering will also
be necessary.

8. CONCLUDING REMARKS

In conclusion it can be said that an open loop control of the X-forces by use of throttle
and spoilers proves to be very efficient to minimize airspeed and glide-path deviations in
the presence of wind shear even under consideration of engine time lag. The open loop
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control has the great advantage that high gains can be realized without stability problems
and that high frequency signals can be kept away from the throttle by separating them
through nonlinear filtering. Full wind-shear suppression can on the other hand not be
achieved without the availability of precise inertial and radio signals, this is especially
true for the elimination of long term vertical wind effects, The utilisation of inertial
navigation systems as well as the introduction of microwave landing systems with precise
DME-information will be the essential steps to overcome wind shear problems and will
therefore contribute greatly to the increase of flight safety.
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Fig. 3 Relation of aircraft and wind velocities

Fig. 4 Definition of forces and angles
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Fig. 5 Geometry of an aircraft relative to the glide-path

Fig., 6 Effect of vy and u" on the equilibrium of forces and velocities
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Fig. 10 Influence of flight path error on the value of Ya and oy
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Fig. 11 Flight path velocity estimation filter

Fig. 12 Simplified wind-shear model
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model equation:
¢ »
Up(t) = uy, + fSdt , s=9¢
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Fig. 13 Horizontal wind-shear estimation filter

Fig. 14 Nonlinear filter for the estimation of horizontal wind-shear
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AIRCRAFT RIDE-BUMPINESS AND THE DESIGN OF RIDE~SMOOTHING SYSTEMS

by

J. G, Jones and D, E, Fry, Flight Systems Department,
Royal Aircraft Establishment,
Farnborough,

Hampshire
GUl4 6TD, UK

SUMMARY

Aircraft longitudinal ride-bumpiness due primarily to aircraft rigid-body response is discussed in
this paper. Results obtained for flight at high speeds and low altitude are described and the implications
for aircraft design deduced, both in terms of basic airframe considerations and in terms of the use of
active controls,

Bumpiness is distinguished from vibration, the former being characterised by a sequence bf separately-
identifiable g fluctuations, referred to as bumps, the latter being associated with quasi-sinusoidal
oscillations. In the case of small combat aircraft, bumpiness is in general influenced predominantly by
aircraft rigid-body response whereas vibration may usually be related to the response of the flexible
structure.

Using statistical discrete-gust theory, bumpiness is described in terms of g counts per unit time.
In addition to providing a quantitative measure of exceedance counte of arbitrary g 1levels, this theory
allows the straightforvard computation of the sharpness of a bump in the sense of the rise-time of a typical
discrete fluctuation in normal acceleration.

Primary effects of aircraft ving loading, 1ift slope and speed are discussed. An increase in the
airframe-dependent parsmeter -"‘—s » vhere W/8 is the wing loading and a is 1ift slope, gives a double

benefit, both reducing the bump amplitudes and decressing the total number ¢f bumps. In contrast, assess-~
ments of ride-smoothing ryetems using either a normal- leration s or an incidence sensor in con-
junction with direct=-1ift-control indicate that a reduction in the amplitude of the bumps is in general
achieved at the expense of an incrense in their total number. Subsequent work has been simed at reducing
bump amplitudes whilst constraining their rate of occurrence. Both open and closed-loop systems have bdeen
comid:rcd and the formulation of sppropriate cost functions for control-system optimisation has been
investigated,

1 INTRODUCTION

As the level of atmospheric turbulence increases, mot only do the handling qualities of an sircraft
deteriorate but the disturbances csuse discomfort to the aircrew and make it harder for them to perform
control and veapon aiming tasks. The low-altitude high-speed flight mission is particularly liable to give
a rough ride both bacause there is usually a significant amount of turbulence at low altitudes, associated
with shear in the earth's boundary layer (possibly aggravated by the proximity of rough terrain), end
because the magnitude of fluctuations in normal g due to vertical turbulence is directly proportional to
aircraft speed.

Various characteristics of aircraft motion which influence ride quality may be distinguished. One is
'ride-bumpiness’, related subjectivaly to discrete fluctustions in acceleration normal to the flight path,
Another is 'vibration', mainly due to the response of the flexible airframe structure in which distinct
frequencies of oscillatory motion may perhaps be detectable subjectively at the regonances of the lower-
order structural modes. A third aspect of ride quality is the possible tendency of aircraft motion to pro-
duce nauses or air-sickness. This msy overlsp to soms extent with the ride~bumpiness and vibration
characteristics already mentioned, but may also be influenced by relatively low frequency modes of aircraft
motion (similar to the frequencies of motion which produce ses~sickness). In this psper we shsll concen-
trate on the concept of ride-bumpiness and will, furthermore, consider only motion in an approximately
vertical plane.

The contents of this psper may be summarised as follows. Section 2 briefly reviews available methods
for the theoretical prediction of ride-bumpiness statistics and describes the gust modelling techniques used
throughout the remsinder of the paper. Section 3 summarises anslytical results which allow the rapid
evaluation of the effects of varying aircraft wing-losding, lift-slope and speed and also illustrates typical
effects of longitudinal stability characteristics in terms of static margin and pitch damping. In section 4
the use of active control systems to improve ride-bumpiness characteristics is discussed and the structures
of particular systems employing direct-lift-control (DLC) are outlined. Section S confirms the validity of
the theoretical results in terms of computer éimulations.

The emphasis in this paper upon ride quality associated with longitudinal aircraft response in no way
implies that lateral ride characteristics are less significant as a source of discomfort, It is, rather,
because longitudinal ride qualities prove more amenable to genaral conclusions which may be conveniently
summsrised in relatively simple analytical form. To a large degree, longitudinal ride qualities associsted
vith the basic airframe are dominated by the {nfluence of relatively few parameters, principally aircraft
wing~loading and effective lift-slops. This is particularly convenient in the early stages of project
assessment vhen afrcraft weight, wing area, aspect ratio and sweep are among those paramsters for which
quantitative estimates are resdily available. Lateral ride qualities, on the other hand, depend to a
higher degree upon the stability charscteristics of the aircraft and thus are less amsnable to general
conclusions applicable in the early stages of project assessment. On the other hand, they tend to be more
amenable to subsequent improvement by the use of conventional techniques of aireraft autostabdilisation.
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An associated subject not discussed in this paper is the influence of pitching motion in turbu-
lence on the stability of the aircraft as a wespons-platform. Whilst this aspect is closely related to
‘ride-quality' we have taken the view that it is better treated as & separate topic. It should be noted,
hovever, that the techniques (including the gust models)employed in this paper to investigate ride~
buspiness are equally applicable to the prediction of aircraft pitching response in turbulence.

2 THEORETICAL PREDICTION OF RIDE-BUMPINESS STATISTICS

Statistical measures of sircraft motion that have been traditionally regarded as relevant to rida-
quality assessment may be separated intv two distinct classes:

(i) msasures based on probability distributions for the amplitude of acceleration response peaks;
(i1) weasures based on frequency-dependent or power-spectral properties of response.

Mesasures of type (i) have in the past been expressed in terms of, for example, 'jg bumps per minute'
(see for instance Ref 1). This type of criterion has been applied in particular in the context of high~
speed low-altitude flight of military aircraft and is largely dependent on aircraft rigid-body motion. To
assess sircraft response in this form, the usual tool has been some form of discrete-gust turbulence -od!l.J
traditionally of the 'derived-gust' type. However, we believe the ‘'statistical' discrete-gust technique‘:
to be particularly appropriate in this context and using it we have presented in Ref 4 a framswork for the
assessment of aircraft longitudinal ride-bumpiness comprising a statistical model in which families of
discrete gusts are used to represent patches of continuous turbulence. The turbulence model takes the form
of an aggregate of discrete ramp gusts which for present purposes are considered sither singly (Fig 1) or

in paires (Pig 2). Pamilies of 'equiprobable' ramp gusts follow a law Yo o as illustrated in Pig 3.

It should be noted that whilst this approach may k' used to generate 'synthetic' turbulence time-histories
for use, for instance, in ground-based simulators”, in the present paper it is used simply as ¢ basis for
purely theoreticsl predictions. The theoretical snalysis of aircraft response in the time plane involves
a search over families of equiprobable gusts, including both isolated gusts and gust-pairs, for the 'tuned
gust' or ‘tuned gust pattern' which produces maximum response. The theorstical predicticn for the rate-
of-occurrence of bumps then takes the formé

PR T s ;
"y xi."{ W} .

vhere n_ is the average number, per unit distance flown, of aircraft normal acceleration peaks greater
than an srbitrary magnitude y

a,8 are paramsters which define the statistical properties of the patech of turbulence through
vhich the aircraft is flying

# is the tuned gust length (critical gust length)
Y is the tuned response (response to tuned gust or'crltlul gust pattern)
A is the gust length sensitivity.

As described in Refs ), 4 aud B, the tuned response Y may be associated either with s single
isolated gust or with a gust-pair combination, depending upon the system characteristics. The precise
condition ia:

- Y,
Yo I 0.857,

vhere V; and Y, are respectively the maximm response to & single isolated ramp gust (Fig 1) and the
maximum resonant response to & pair of gusts (Pig 2), vhere the individual component gusts are chosen from
the same (oquiprobable) family (Fig 3). It should be noted that (for linear systews) the principal of
superposition allows the easy evaluation of Y2 in terms of the largest positive and largest negative

(te overswing) peaks i{n the system response to a single ramp gust.

It is usual for the search for the tuned gust or gust pattern to be made using a computer routine
which evaluates the response to a single ramp gust for & range of values of gust length H . In some simple
situstions, however, vhere the aircraft response may be adequately spproximsted in terms of first or second
order differential equations, general analytical results can be obtained. This is the procedure followed
in Ref 4 where snalytical results have been presented which are intended for use both in simple project
assesements and as a basis for comparison with more detailed computer studies incorperating, for instance,
dynamic equations for the response of active controls.

The statistical result given by equation (1) may be supplemented by the evaluation of the quentity
T iy (2)

which is strictly a messure of the tims taken to traverse a tuned-gust gradient distance but msy also
used as an spproximation to the rise-tims to peak smplitude of the associated response. Equivalently
may be regarded as an approximate measure of the 'duratiom’ of the response pesk. In particular, im the
case of normal accelerstion response, T may be used as a measure of the 'sharpness of the bump'.

Measures of type (ii), defined at the beginning of this section, based upon frequency-dependent or
power-spectral properties of response, are being widely studied at the present timse. For inmstance, the
International Standard Organisetion has been werking for some time now on vidratiom criteris in the
frequency rangs 0.1 to | Ns. HNowever, nothing definite has emerged yet and there is slso doubt as to




vhether a general criterion as developed by I80 will be applicable in the extrems environment, for instance,
of terrain-following flight. Possible developments along these lines include simple measures proposed for
aircrevw sensitivity as a function of frequency, and relatively sophisticated power spectral concepts in
vhich a so-called 'rms of annoyance'6, or 'crew task performance index'?, is expressed as an integral, with
respect to frequancy, of the product of the spectral density of aircraft motion (acceleration) and a crew-
sensitivity weighting function using equations closely analogous to those employed in aircraft structural
analysis. The appropriate applications of measures of this type, however, which are largely based on human
response to sinusoidal wotions, srise in situations dominated by response of a highly oscillatory character.
In qualitative terms the motion then takes the form of relatively continuous vibration rather than irregular
sequences of individual bumps. We take the view that the use of data based on quasi~sinusoidal vibration
to treat aircraft ride bumpiness in turbulence is a susject procedure.

In the case of small combat aircraft, for which the high-speed low-altitude mission can be critically
influenced by ride considerations, the rigid-body modes and structursl response modes are often sufficiently
separated with respect to frequency for measures of type (i), related to bumps, to be based mainly on rigid-
body motion and measures of type (ii), related to vibration, to depend purely on structural flexibility.

It should be noted that the statistical characteristics of the discrete-gust model employed in Ref 4
and used to derive results presented in this paper are consistent with the energy distribution defined
in standard forms of the power-spectrum turbulence model (von Karman spectrum). On this basis it is
possible to employ co-ordinated discrete-gust and power-spectrum turbulence models, both related to a common
turbulence reference intensity T which acts as an overall measure of atmospheric disturbance and for
vhich probabilities of exceedance are available based on overall global statistics (see Appendix B of Ref 4
and also Ref 8). i

Yor the purpose of ride-quality assessment at low sltitudes it is proposed in Ref 4 that nominal
patch lengths of S miles (8 km) be assumed, an overall mission being regarded as a sequence of such patches
with varying turbulence intensity from patch to patch. It must be emphasised that the assumption of 5 mile
patch lengths is a simplified representation of the patchiness properties of real atmospheric turbulence.
In fact, {ntense patches can sometimes be very short, describable as a burst or cluster of gusts. However,
the nominal patchiness postulated is believed to be adequate as a basis Zor the comparison of the ride
characteristics of differing aircraft configurations.

In terms of the assumption of 5 mile patch lengths, the statistical model proposed in Ref 4 takes the
form
a = 0,38 (dimensionless)
die 0.075 (ft/s units) (3)
0.100 (uw/s units)

vhere o,8 appear in equation (1) and G 1is a turbulence refersnce intensity introduced in Ref 8, The

relationship betwsen o and the rms intensity o; of a component of turbulence with scale length L is
{llustrated in terms of power spectra in Fig 4.

Turbulence intensity is often described qualitatively as light, severe, etc. Such terms may ba
approximately related to specific values of the reference intensity according to the following table

Grades of turbulence and reference intensities

Values of
ference
Nominal o
grade of intc;dty
turbulence
n/s | ft/s
Light 0.9 3
Moderate 1.8 ]
Severe 3.7 12

Purther details on the use of T as a reference intensity, providing a joint power-spectrum and
discrete-gust model for turbulence, may be found in Refs 3 and 8.

3 RIDE-BUMPINESS IN HIGH-SPEED FLIGHT
3.1 Influence of wving-loading and lift-slope
The results presented in this section are based on approximate equations of motion which take account

of aircraft translational motion but which neglect the influencc of aircraft pitching motion. The results
derived in Ref 4, for use in equations (1) and (2), are as follows

1 1.6W/8
’se .
A = 0,15 (dimensionless) (4)

|

. 0.74v (M)-m :

psa



In order to illustrate the effects of wing loading W/8 and lift-slope & on exceedance frequencies
equations (4) above have been used in conjunction with equation (1), where numerical values of a and 8
(wvhich characterize the turbulence) are given by equations (3). Typical exceedance frequencies in units
of bumps per minute (sggregate of positive and negative bumps) are prescated in Fige 5 and 6 for a gust
sensitive aircraft (W/S = 60 1b/£:~2, 4 = 4,5) and & gust insensitive aircraft (W/S = 100 lb/ft'z. a=3.9),
in both moderate and severe turbulence, at a Mach number M = 0.7 .

On the basis of results in the form of Figs 5 and 6, carpet plots have been derived to illustrate
effects of wing-loading, lift-slope and Mach number on the rate of occurrence of |g bumps in moderate
(Pig 7) aud severe (Fig 8) turbulence. The data in Figs 7 and 8 have been combined in Fig 9, where it can
be seen that the rate of occurrence of |g bumps, at lov altitude, depends to quite a good approximation on

-]
the single parameter W(!.E) .

As indicated in section 2, an additionsl quantitative measure of ride-bumpiness that msy be derived
on the basis of statistical discrete-gust theory is the rise-time to peak amplitude of a typical normal-
acceleration fluctuation, or 'sharpness' (or hardness) of the bump. This measure is given by T = H/V ,
where H {is the tuned gust length. Carpet plots showing the dependence of T on wing-loading, life~
slope and Mach number are presented in Fig 10 (this measure is independent of the turbulence intensity).

3.2 Influence of aircraft pitching motion

In this section we go on to illuscrate the ways in which the predicted aircraft ride quality is
modified, through the influence of aircraft pitching motion, vhen the aircraft longitudinal stabilicy
characteristics are taken explicitly into account. Whilst these characteristics are less 1likely to be
known than wing-loading and lift~slope in the early stages of project sssessment, they do tend to be easier
to modify subsequently by the use of conventional autostabilisation techniques., In fact, as the results of
this section refer to the idealised and somevhat unrealistic case of aircraft response with ‘elevator
fixed', they are not intended to be used as a means of improving the practical utility of the spproximations
made in section 3.1 but rather are to illustrate what would happen in the absence of any form of attiiude
control, They may thus be used as a datum for assessing the influence of various forms of control,

The aircraft pitching degree-of-freedom can influence smoothness of ride through several mechanisms:

(a) In the case of an isolated ramp gust, the peak value of normal acceleration may be either
increased or decreased, depending on aircraft characteristics, owing to the competing effects
of positive longitudinal stability and gust penetration (fe gradient of gust velocity between
wing and tailplane).

(b) The influence of pitching motion in general changes the tuned gust length and the associated
gust amplitude for s given equiprobable family of gusts.

(c) 1f thc'dqing of the short-paeriod mode of the aircraft is sufficiently low, amplification of
fluctuations in normal acceleration can occur due to the combined resonant effect of sequential
gusts.

(d) Angular acceleration influences the local normal acceleration in a manner that varies along the
length of the aircraft, depending on the moment arm about the instantansous centre of rotatiom.

(e) Human perception of sangular motion has s direct effect upon assessment of ride smoothness.

In the following we concentrate upon the effects of aircraft stability on ride~bumpiness measured
near the centre of gravity, and incorporate the influence of mechanisms (a) to (c) above. However, we draw
attention in the following two paragraphs to contexts in which items related to (d) and (e) are of
importance.

The influence of moment arm is most marked when ride quality, as measured by fluctuations in normal
acceleration, is compared at two well separated stations along the length of the aircraft. This effect has
been emphasised in recent years through incideats in which passengers sitting (or, worse, standing) near
the rear of large transport aircraft have been injured through aircraft penetrations of relatively isolated
gusts when the sircrew at the other end of the aircraft have not been sware of a disturbance of any great
severity. For an adequate overall assessment of the ride qualities of such an aircraft it is clearly
essential to evaluate the gust response over a range of longitudinal positiomns.

The direct effect of angular motion upon ride smoothness is probably considerably less than thet of
normal acceleration from the point of view of subjective assessment of crev and/or psssangers. HNowever,
in the context of combat aircraft, where the quality of the aircraft as & platform for weapon release is
of prime importance, the effects of gust-induced pitch disturbances on weapon accuracy sre of major concern.
In this paper we will not, however, discuss these vider aspects of gust response, concentrating on ride-
bumpiness as it directly influences aircrew capability and efficiency.

The principal parameters influencing the aircraft longitudinal stability characteristics are static
margin (depends on CG position) and damping in pitch (aerodynamic derivative - -!). To illustrate the
influence of these paramsters, the discrete-gust response has been evaluated in Ref 4 for a particular
numerical example corresponding to a small combat sircraft.

The effects of changing static margin (strictly the CG margin) by moving the CG position are
illustrated in Fig 11 in terms of the influence on tuned gust length fi and tuned response 7 . Pig lla
shows that the tuned gust length H decreases with hcrullnt static margin (f¢ CG wmoving forward).
Thus the bumps become sharper (equa